Quantum conductivity of carbon nanotubes is calculated using an efficient embedding Green's function formalism that allows for a realistic nanotube-metal lead contacts. The details of the contact geometry is found to profoundly influence the I -V characteristics. Furthermore, the primary effect of defects in nanotubes is to smooth out the steplike features of the corresponding I -V curve of the pristine tube.
I. INTRODUCTION
Since the discovery of carbon nanotubes by Iijima, 1 a rich variety of carbon nanotube morphologies have been experimentally observed. The electronic structure of these tubes can be either metallic or semiconducting, depending on both the diameter and chirality which can be uniquely determined by the chiral vector (n,m), where n and m are integers. 2 As a result, an all carbon nanotube based molecular electronic device appears very plausible. A detailed understanding of the quantum transport properties is crucial if their device potential is to be exploited. The quantum transport properties, in turn, are sensitively dependent on a number of factors including defects ͑Stones-Wales, 3 vacancy, substitutional and chemisorbed͒, helicity, tube length, contact geometry with metal leads and temperature. An accurate numerical estimation of the transport quantities must, therefore, take all these factors into account in a realistic manner.
The most commonly used computational schemes for calculating the ͑coherent͒ current in a single-wall carbon nanotube ͑SWCN͒ in contact with metal leads is based on the Landauer expression which relates the electron conductance G, with the transmission function T(E) ͑for a recent review see Ref. 4͒ . The latter is usually obtained within either the transfer Hamiltonian approach 5, 6 or the Green's function scattering formalism.
The Green's function scattering approach is based on the existing relationship between the Green's function and the transmission function. 7, 8 This approach appears to be equivalent to the weak coupling version of Bardeen's transfer Hamiltonian as discussed by Datta 9 ͑provided that one of the metal-tube couplings is weak͒. The Green's function approach coupled with a simple tight-binding model with one -electron per atom has been used by many groups to calculate the SWCN conductivity. 8, 10, 11 Use of the Green's functions also allows us to utilize various embedding schemes that have been used with success in electronic structure calculations. [12] [13] [14] [15] [16] [17] [18] In the present work, we are also following the embedding approach which is detailed in the following section. In particular, in Sec. II we present our new computational scheme based on the embedding theory of Inglesfield. 15 We discuss the physical picture of our approach and the basic approximations inherent in our method. In Sec. III, we present calculated I -V characteristics of SWCNs ͑as obtained within the proposed method͒, and describe quantitatively the effect of contact details, tube defects, and tube characteristics on these curves.
II. THE GREEN'S FUNCTION EMBEDDING METHOD
We consider the case of a finite length SWCN connected at both ends to semi-infinite metallic leads. Within an embedding scheme, these metallic leads take the place of a host lattice in which the nanotube is assumed to be embedded. We then construct a boundary surface S which separates the embedded system ͑tube͒ from the host lattice ͑leads͒. Although there are many embedding schemes in use, we make use of Inglesfield's approach 15 in the present work to study transport properties of SWCN's owing to its conceptual and practical simplicity. According to this scheme, the effect of the host lattice can be efficiently incorporated into the bare tube Hamiltonian through a surface inverse of the Green's function of the free host crystal obeying Neumann's boundary condition on S. 17 As shown by Fisher, 18 the process of the surface inversion can be avoided if the Green's function of the free substrate satisfies the Dirichlet's condition on the boundary surface S.
According to Fisher's approach, 18 if G(r 1 ,r 2 ;E) is the Green's function of the host satisfying the Dirichlet's boundary condition on S, then the host-tube interaction, ⌺ S (r 1 ,r 2 ;E), (r 1 ,r 2 , defined on S͒ can be evaluated from the following formula:
that describes the lead-tube interaction if G(r,rЈ;E) is taken to be the Green's function for the unperturbed lead͑s͒. The problem of constructing the lead-tube interaction, therefore, becomes a problem of constructing the Green's function of a semi-infinite metal lead satisfying the Dirichlet's condition on the lead-tube interface. This state-of-the-art embedding scheme, thus, allows a realistic description of the lead-tube interaction.
In order to utilize the Inglesfield-Fisher 15, 17, 18 embedding approach to calculate the tube-lead interaction in the present situation ͑SWCN of finite length connected at both ends to two semi-infinite metal leads͒, we take each metal lead as a semi-infinite metal and calculate its Green's function utilizing the recently proposed method of Sanvito et al. 19 From this Green's function, we then calculate the tube-lead interaction according to Eq. ͑1͒. This is repeated for the other lead as well. The Green's function, G C , of the combined tube-leads systems and its transmission function, T(E), is then obtained using Datta's formulation.
A. Transmission function of a SWCN in contact with metal leads
The metal lead is assumed to be oriented in such a way that the ͑hkl͒ planes of the host lattice ͑metal-lead͒ is parallel to the tube-lead interface. The plane passing through the carbon atoms forming the ring at the far left end of the SWCN is taken to be parallel to the ͑hkl͒ lattice planes of the semiinfinite left metal lead. Furthermore, the carbon ring is located at a distance equal to the interplanar distance of the ͑hkl͒ lattice planes in the bulk phase of the metal lead. The plane of the metal lead in contact with the carbon ring is taken to be the S surface on which the Green's function of the left metal lead satisfies the Dirichlet's boundary condition. The procedure for treating the lead from the right-hand side ͑RHS͒ is similar.
It is instructive, before entering into the computational details, to investigate the physical picture of the present model. For this reason, we first examine the case in which the Green's function for the metal lead is taken in the jellium approximation. That is,
where ␦ is an infinitesimal positive constant. We take the z ϭ0 plane to define the boundary surface S on which G jell (z,zЈ;E)ϭ0. Then, the single electron wave function q (z) can be taken to be
where L is the normalization length and, E q ϭ(1/2)q 2 ͑in a.u.͒ the corresponding eigenvalues. It is then straightforward to show that the self-energy
where lead (E) is the electron density of states ͑DOS͒ of the metal lead. Equation ͑4͒ is reminiscent of the more often used approximate result according to which the self-energy is 20 
⌺͑E ͒ϳ͉V
where V M -tube is the matrix element of the metal-tube interaction. From Eqs. ͑4͒ and ͑5͒, it can be seen that in the present approach, the effect of the metal leads on the SWCN is entirely described by quantities of the host material solely. Nevertheless, the absence of the metal-tube interaction from the expression derived in Eq. ͑4͒ can be expected as this is a basic feature of the embedding scheme of Inglesfield.
15 ͑see also the work of Baraff and Schluter 16 for further details.͒ In the case the metal lead is taken to be a semi-infinite periodic system, one can proceed with the construction of the Green's function of the metal lead by following the work of Sanvito et al. 19 In a matrix formulation of their theory, the Green's function of the metal lead, which satisfies Dirichlet's boundary condition on S ͑taken to be the zϭz 0 plane͒ takes the form
where ⌽, ͑⌽ ͒ is the matrix consisting of the set of eigenvectors of the tight-binding ͑TB͒ Hamiltonian propagating to the right ͑left͒ and decaying to the right ͑left͒. The Hamiltonian of the leads has the form
where the matrices H 0 , H 1 , I, and 0 are NϫN matrices ͑N to be defined in the following͒ with I, 0 being the unit and null matrix, respectively. H 0 is the intralayer and H 1 is the interlayer Hamiltonians as defined by Sanvito et al. 19 ͑The layer is taken to be a lattice plane parallel to the surface.͒ Note that H latt is complex and, in general, non-Hermitian. Two sets of eigenvectors, therefore, must exist representing ''left'' and ''right.'' In particular, eigenvectors ⌽ j (⌽ j ) are the upper half components of the corresponding ''left'' and ''right'' eigenvectors of the matrix H latt . The eigenvalues corresponding to the eigenvectors ⌽ j (⌽ j ) are written in the general complex form e ik j a (e ik j a ), a being the interplanar distance of the ͑hkl͒ lattice planes of the metal lead. The wave vectors k j (k j ) are complex numbers, in general. The matrices and ⌳͑z͒ ͓and and ⌳ ͑z͔͒ are diagonal NϫN matrices related by the equation
It is now straightforward to show that in this case, the self-energy ͓calculated according to Eq. ͑1͔͒ takes the form ͑for zϭz 0 Ϫa, where is a real number͒
where is a diagonal (NϫN) matrix with diagonal elements
For equal to the unit matrix ͑ϭ0͒, Eq. ͑11͒ reduces to
In this form, its relationship to the corresponding equation ͓Eq. ͑4͔͒ derived for the jellium case should be apparent. The present model requires that we take ϭ0.
According to the embedding scheme employed here, the self-energy given either by Eq. ͑4͒ or Eq. ͑13͒ is a local energy-dependent interaction acting only along the boundary surface S. This means that ⌺ S (E) will affect only the TB parameters of those tube atoms that lie on the boundary surface S. By repeating the same procedure, as described above, for every metal lead, we can construct the self-energies that will act on all tube atoms that are in contact with metal leads.
A direct incorporation of the self-energies of the leads ͑constructed in the TB representation͒ into the bare tube Hamiltonian is not always straightforward. This is due to the fact that while the self-energies constructed are expressed in the basis set representation of atomic orbitals centered on the lattice points of the metal leads, the basis set used for the TB representation of the bare tube is based on atomic orbitals centered on the tube atoms. As the tube atoms affected by the contacts are not always located on lattice points of the metal lead, it becomes necessary to transform the TB description of the self-energy from one representation to the other. The simplest way to achieve this is to take the same number of orbitals for the tube as well as the metal-lead atoms and assume that the TB parameters of the self-energies can be scaled with respect to the interatomic distance according to the same law as the TB parameters of the SWCN ͑see, for example, Ref. 21͒. Another approach is to take the metallead atoms, which are in direct contact with the tube, as part of the tube and apply the self-energies on these metal-lead atoms.
In the present application we are mainly concerned with demonstrating the general features of our method and, therefore, take the same number of basis functions to describe both the metal and the SWCN but avoid any scaling corrections for simplicity. This problem will be of greater importance when studying how the structural contact details affect the electronic behavior of the SWCNs and will be dealt with in a future report. In the present work, however, we will rather focus on some additional fundamental factors that need further attention if one is going to use the proposed theory to study the transport properties of the SWCNs.
The most important of these factors refers to the effect of the applied bias voltage, V b , on the self-energies. This is because the bias-voltage shifts the Fermi level͑s͒ of the metal lead͑s͒ relative to that of the bare tube and, this in turn, gives rise to charge transfer from the metal leads towards the tube atoms or vice versa. The charge transfer process tends to smooth out the abrupt potential step introduced by the bias voltage at the metal-tube interface. As Farajian et al. have shown, 22 this smoothing effect is more pronounced at high bias-voltages and exhibits Friedel-type oscillations which decay quickly away from the interface. Although we have developed a self-consistent tight binding molecular dynamics ͑TBMD͒ computer code 23 capable of treating charge transfer effects effectively, we have found it computationally prohibitive to include charge transfer in our studies of the transport properties of the SWCN's. For this reason and due to the fact that the smoothing effect due to charge transfer is quite small for low bias voltages, 22 we have focused our emphasis at the other most important factor, namely that of the bias-voltage imposed shift in the Fermi energies of the metal leads. This effect can be much easily incorporated in the present approach. In fact, the effect of the bias voltage on the bare-lead Hamiltonian can be viewed as a uniform energy shift in the on-site ͑diagonal͒ TB parameters of the metal lead. This observation is equivalent to the following relation:
In our computations, we found it much easier to calculate ⌺ S (E,V b ) by repeating the calculation for the right-hand side of Eq. ͑13͒ for every value of the bias voltage we need.
We let ⌺ L ϭ⌺ L (r S ,rЈ S ;E,V b ), and ⌺ R ϭ⌺ R (r S ,rЈ S ; E,V b ), with r S ,rЈ S taken on the boundary surface͑s͒, be the self-energies due to the left and right metal-tube interactions, respectively, under the bias-voltage V b . In terms of ⌺ L and ⌺ R , the Green's function, G C , of the conducting tube is obtained as follows:
where H C is the Hamiltonian of the isolated tube. In the tight-binding formulation used in the present work both the Hamiltonians and the Green's functions are each taken to be N at N orb ϫN at N orb matrices, where N at is the number of atoms in the embedding subspace and N orb is the number of orbitals on each atom. Contrary to previous works on quantum transport which use only one -electron orbital per atom, we use N orb ϭ4 for carbon that includes 1-s and 3-p orbitals. Additionally, we use N orb ϭ9 for Ni ͑material of the leads͒ that includes 1-s, 3-p, and 5-d orbitals. The use of all these orbitals is necessary in order to allow for the correct description of the interatomic interactions between C-C, C-Ni, and Ni-Ni atoms. 21 Having evaluated G C , the transmission function T(E) can now be obtained from the following equation:
where
with the self-energies as obtained using Eq. ͑13͒.
B. Calculation of the I -V characteristic
Having obtained T(E,V b ), we proceed with the evaluation of the current-voltage, I -V, characteristic of the tube utilizing the following formula for calculating the current:
where i ϭE F ϪeV i ; iϭL,R, where V L and V R are applied voltages on the left and the right metal leads, respectively, eϾ0 is the electron charge, E F is the Fermi energy of the free tube and f E () is the Fermi distribution. In the following we set V b ϭV L ϪV R to be the bias voltage. It may appear that the bias voltage V b can be treated as an independent parameter of the system. This, however, is not the case. The distribution of the voltage drop along the tube and the actual values of V L and V R relative to the Fermi energy are not strictly defined. Their exact determination requires the solution of Poisson's equation which, in turn, requires the exact determination of the charge state of the system. The latter is obtainable from the self-consistent solution with respect to the charge transfers. While it is conceivable that the lack of charge self-consistency in our approach may affect our results, in the case of ballistic transport ͑as anticipated in the present case͒ most of the voltage drop can be assumed to take place in the metal-tube contact region. It is then reasonable to introduce ͑following Tian et al. 24 ͒ a division parameter and set
By setting ϭ0.5 we achieve a symmetric division of V b between the two contacts and we use this feature in all our subsequent applications in the present work.
III. RESULTS AND DISCUSSION
We next apply the present formalism to study the transport properties of SWCN's lying along the z axis and in contact with two semi-infinite paramagnetic Ni leads in the ͗001͘ orientation at either end in an end-contact geometry ͓see Fig. 1͑a͔͒ . The carbon atoms of the SWCN in contact with the metal leads ͑not shown͒ are shown in dark circles. We utilize our recent studies on the Ni m C n clusters to guide our present calculations by taking the material for each metal lead to consist of Ni. This allows us to use, in the present work, our transferable tight-binding ͑TB͒ description of the Ni-C interaction that have been used with success in the case of the Ni m C n clusters. 21.25-29 This ensures consistency in our treatments of the Ni and C by making use of the same TB parameters. Our Hamiltonian parameters were obtained by fitting to experimental and ab initio results for C and Ni systems 21 and have been used with success in the study of carbon fullerenes and nanotubes and their interactions with various transition metal clusters. [25] [26] [27] [28] [29] Furthermore, the same Hamiltonian was used in performing tight-binding molecular dynamics simulations to carefully relax all the structures investigated in the present work. It is worth pointing out that all the previous works on quantum transport either completely neglect relaxation effects or use molecular dynamics based on classical potential to relax the structures while using a simple tight-binding single orbital approximation for calculating conductance. As will be shown later, the transport properties are sensitive to the microscopic details of nanotube defects and contact details with metal leads and a reliable quantitative estimation of these properties requires accurate characterization of their geometries and interactions.
Recent experiments have shown that end-contact geometry can be created by dipping nanotubes into liquid Hg or Ga. 30 The Green's function of the left ͑right͒ Ni lead is constructed so as to satisfy Dirichlet's condition on the plane z ϭz L (zϭz R ). These planes terminate the tube and are chosen to pass through the centers of atoms on the outer carbon rings of the tube. As a result, within the present model, the coupling between each metal lead and the tube takes place only through the carbon atoms lying on the planes zϭz L and zϭz R ͓shown as dark circles in Fig. 1͑a͔͒ .
In Fig. 2 , we present the transmission function T(E,V b ), as calculated using Eq. ͑13͒, for various values of the bias voltage V b for an armchair ͑5,5͒-SWCN consisting of 90 atoms. From Fig. 2 it is clear that the resonance structure of the transmission function T(E;V b ) does not change as the bias voltage V b changes. However, small changes in the strength of the resonances are observed both below and above the Fermi energy. As a result, the dependence of the I -V tube characteristic on the bias voltage is found to be very weak and appears distinguishable only for large bias voltages (V b Ͼ1.0 V͒ as shown in Fig. 3 . This observation indicates that under the approximations dictated by Eqs. ͑19͒ and ͑20͒, the I -V characteristic of the tube may be quite accurately calculated according to Eq. ͑18͒ using the ap- The efficiency of the present formalism also allows us to calculate the I -V characteristic for the armchair ͑5,5͒-SWCN consisting of 90 atoms for different contact geometries as well as for different tube configurations. Thus, in Fig. 3 , in addition to the I -V characteristic corresponding to the end-contact geometry shown in Fig. 1͑a͒ , we have also included the I -V characteristic for the same tube in lateralcontact geometry ͓as shown in Fig. 1͑b͔͒ . The lateral-contact geometry can be created by depositing individual SWCN's on metal electrodes. Such contacts have been made recently using Pt electrodes and currents measured. 32, 33 Additionally, in Fig. 3 we have included the I -V characteristic for the same 90-atom tube in the end-contact geometry but containing one relaxed substitutional Ni-impurity ͓as shown in Fig.  1͑c͔͒ . Recent experiments have shown that Ni used in the synthesis of SWCN remains in purified samples even after prolonged treatment in boiling concentrated HNO 3 . 34 Our calculations have confirmed the stability of Ni on nanotube walls in chemisorbed positions 27, 28 as well as in substitutional positions, 29 in the latter case with considerable distortions in the tube walls. As seen in Fig. 3 , the dependence of the I -V characteristic on the bias voltage for the lateral contacts is found to be very weak just as in the case of the end-contacts configuration. However, it is observed that by changing the end-contact geometry to that of the lateral one, the current drops by a factor of 2-3. This reflects the change in the resonance structure of T(E,V b ) as the contact geometry changes. In particular, it is found that in addition to changes in the location of the resonances, the maximum values of T(E,V b ) in the lateral-contact geometry do not exceed the value of one, while in the case of the end-contacts they can reach the value of 2.0. This means that changes in the contact geometry can cause drastic changes in the number of transport channels, a fact that can be attributed to symmetry related changes imposed by the contact configuration. 35 In Fig. 3 it can also be observed that the effect of Ni impurity in nanotubes is to smooth out the steplike features. Similar smoothing has also been obtained in our calculation for nanotubes in the presence of ͑5,7͒ defects, but to a lesser extent.
We have also investigated the dependence of the I -V characteristics on tube diameters by considering pristine ͑5,5͒, ͑3,3͒, and ͑2,2͒ nanotubes with metal leads in endcontact geometry. The results are shown in Fig. 4 . As can be seen, there is marked increase in current with the increase in tube diameter. This can be attributed to significant changes in 3 . I -V characteristics ͑at various levels of approximations͒ for a ͑5,5͒ tube corresponding to the end-contact geometry shown in Fig. 1͑a͒ ͑middle set of curves͒, lateral-contact geometry shown in Fig. 1͑b͒ ͑lower set of curves͒, and end-contact geometry with the tube containing one relaxed substitutional Ni-impurity atom shown in Fig. 1͑c͒ the resonance structure of T(E) as the tube diameter changes.
A common feature of all our calculated I -V curves is the steplike features as found experimentally for C 60 and SWCNs. 32,36 -38 This feature is well understood; it is attributed to the resonance structure of T(E) shown in Fig. 2 , which in turn is attributed to confinement and interference effects as well as to the scattering at the lead-tube contacts. Depending on the strength and nature of the metal-tube interaction the discrete states may evolve into Breit-Wignertype or Fano-type resonances 39, 40 depending on the lack or presence of interference effects, respectively. Breit-Wignertype resonances are exhibited by T(E) shown in Fig. 2 . Within this picture, finite changes in the bias voltage have as a result additional electron bands to become available for transmission, thus, giving rise to steplike changes in the current as the bias voltage is changed.
IV. CONCLUSIONS
We have presented a new computational approach for calculating the transport properties of SWCNs. The method is based on the embedding concept and has been shown to be very efficient for applications in larger systems. 41 Furthermore, due to its molecular character, it is very useful for studying the resonance structure of the transmission and, in particular, the creation of Fano-type resonances and antiresonances.
The applications of the proposed method and, in particular, our results for the I -V curves lead to the following significant conclusions.
͑i͒ The absolute value of the current depends strongly on the contact geometry. According to Fig. 3 , the current may drop by a factor of 2-3 if the end contact is replaced by a lateral contact. ͑ii͒ The height and width of the I(V) steps depend on the details of the contact geometry while any changes in the coupling strength affects mainly the height of the steps. ͑iii͒ The shape of the I -V characteristic is affected by the presence of impurities and/or defects. As is apparent from Fig. 3 , the effect of a vacancy defect stabilized by a Ni impurity is to smooth out the I(V) steps of the corresponding I -V curve of the pristine tube. This is in agreement with very recent reports by McEuen et al., 42 and Orlikowski et al. 43 We have recently applied the present formalism to study the quantum conductance of carbon nanotube ''Y-junctions.'' 44, 45 Our results show that, when used as a two terminal device, the ''Y-junctions'' can exhibit rectifying behavior under certain symmetry conditions. Rectification has been observed in ''Y-junction'' carbon nanotubes produced using template-based chemical vapor deposition ͑CVD͒ method.
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